Tidal Corrections for TOPEX Altimetry in the Coral Sea and Great Barrier Reef Lagoon: Comparisons With Long-Term Tide Gauge Records by Burrage, D.M. et al.
The University of Southern Mississippi
The Aquila Digital Community
Faculty Publications
7-29-2003
Tidal Corrections for TOPEX Altimetry in the
Coral Sea and Great Barrier Reef Lagoon:
Comparisons With Long-Term Tide Gauge
Records
D.M. Burrage







Follow this and additional works at: http://aquila.usm.edu/fac_pubs
Part of the Marine Biology Commons
This Article is brought to you for free and open access by The Aquila Digital Community. It has been accepted for inclusion in Faculty Publications by
an authorized administrator of The Aquila Digital Community. For more information, please contact Joshua.Cromwell@usm.edu.
Recommended Citation
Burrage, D., Steinberg, C., Mason, L., Bode, L. (2003). Tidal Corrections for TOPEX Altimetry in the Coral Sea and Great Barrier
Reef Lagoon: Comparisons With Long-Term Tide Gauge Records. Journal of Geophysical Research: Oceans, 108(C7).
Available at: http://aquila.usm.edu/fac_pubs/3230
Tidal corrections for TOPEX altimetry in the Coral Sea and Great
Barrier Reef Lagoon: Comparisons with long-term tide gauge records
D. M. Burrage,1,2,3 C. R. Steinberg,1,2 L. B. Mason,4,2 and L. Bode5,2
Received 17 May 2000; revised 5 August 2002; accepted 4 March 2003; published 29 July 2003.
[1] The well-known capability of TOPEX/Poseidon altimetry to map sea levels precisely
in the deep oceans motivates its application to the topographically complex Coral Sea and
NE Australian continental margin. We assess several global tidal models for correcting
TOPEX altimetry in the Coral Sea and find CSR3.0 offers good overall performance,
based on comparisons of model-predicted and tide gauge harmonic constituents. Using
CSR3.0 tidal corrections, we evaluate residual Sea Surface Height (SSH) Root Mean
Square (RMS) variability and residual M2 tidal alias errors. Away from large reefs and
islands, CSR3.0 amplitude and phase errors for M2 are typically less than 5 cm and 8 deg,
respectively, with RMS tidal errors of 5 cm or less and RMS SSH residuals
approximating 10 cm. Since model deficiencies appear in the macro-tidal region of the
Southern Great Barrier Reef Lagoon, near Broad Sound, we employ a high-resolution
hydrodynamic model in this area to compute the tidal corrections. Predicted M2 amplitude
and phase in this region are within 3 cm and 5 deg of observations, RMS errors are mostly
under 4 cm and coastal RMS SSH residuals are as low as 15 cm, in spite of coastal
trapped waves and submesocale eddies in the Lagoon. Daily and monthly smoothed SSH
residual time series, respectively, yield optimal lagged correlations with in situ sea level
data in the range 0.3–0.9 and 0.6–0.9 for locations spanning the Coral Sea and in the
Lagoon. Lag correlations of monthly smoothed Geostrophic Current Anomalies derived
from TOPEX SSH gradients with long-term currents from the continental slope yield
optimal correlations of 0.5 and 0.8, respectively, near Jewell (lat 14 deg S) and Myrmidon
Reef (19 deg S). Our results demonstrate that low-frequency sea level and geostrophic
current variations can be reliably observed using altimetry over the Coral Sea and NE
Australian continental slope, and for selected locations on the continental shelf, if
appropriate tide correction models are employed. INDEX TERMS: 4243 Oceanography: General:
Marginal and semienclosed seas; 4275 Oceanography: General: Remote sensing and electromagnetic
processes (0689); 4556 Oceanography: Physical: Sea level variations; 4560 Oceanography: Physical: Surface
waves and tides (1255); KEYWORDS: TOPEX, altimetry, tides, corrections, Coral Sea, Great Barrier Reef
Citation: Burrage, D. M., C. R. Steinberg, L. B. Mason, and L. Bode, Tidal corrections for TOPEX altimetry in the Coral Sea and
Great Barrier Reef Lagoon: Comparisons with long-term tide gauge records, J. Geophys. Res., 108(C7), 3241, doi:10.1029/
2000JC000441, 2003.
1. Introduction
[2] High quality sea level data have been available from
the TOPEX/Poseidon altimeters since satellite launch in
August 1992. By using hybrid models that fit altimetry
data to empirical functions derived from numerical hydro-
dynamic models [Cartwright and Ray, 1990, 1991; Desai
and Wahr, 1994; Eanes and Bettadpur, 1995; Le Provost et
al., 1998], deep ocean tides have been estimated with
unprecedented precision and accuracy. This achievement
stems directly from the TOPEX orbit design, which allows
tidal aliases to be separated [Parke et al., 1987], from
precise satellite tracking and orbit determination, and from
advances in modeling and data assimilation. Early successes
in comparing tidally corrected altimetric Sea Surface Height
fields (SSH here and subsequently refers exclusively to
altimeter-derived data) with ‘‘reference’’ tide gauges [e.g.,
Le Provost, 1994] spurred rapid development of both tidal
models and sea level observing systems. Deep ocean sea
levels can now be estimated with a Root Mean Square
(RMS) precision of about 2 cm, approaching and even
exceeding that attainable using conventional tide gauges.
We are now moving into a new operational era with the
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implementation of the TOPEX follow-on mission and the
recent launch of JASON-1 and renewed efforts to meet the
‘‘1 cm’’ challenge [Me´nard, 1999]. It is thus appropriate to
consider utilizing the tidally corrected altimetry for studies
in the marginal seas and near the coasts, where many new
operational applications will be focused, and to reassess the
performance of the existing tidal models in this context.
[3] Possible applications in these areas are just beginning
to be explored [Foreman et al., 1998; Kantha et al., 1994].
An important exception is the Mediterranean Sea, studies of
which are well advanced [Bonnefond et al., 1995; Larnicol
et al., 1995, Ayoub et al., 1998]. This possibility is partic-
ularly attractive for work in topographically complex
marginal seas such as the Coral Sea. The associated tidal
and low-frequency circulation are spatially complex, and a
large number of conventional in situ moorings would be
needed to span and resolve the Coral Sea circulation
adequately. This complexity, enhanced by numerous coral
reefs and islands, also presents significant challenges in
mapping tidal constituents and mesoscale circulation using
altimetry. These include adequately resolving tidal gra-
dients, computing accurate tidal corrections and avoiding
aliasing effects. New challenges arise near the coasts from
dynamical processes such as coastal-trapped waves that
may be aliased by the TOPEX and JASON return period
(10 days). Variations in the width of the NE Australian
continental shelf and the massive Great Barrier Reef
(GBR) add further complexity. Fortunately, the region also
presents opportunities to help meet these challenges. A
high precision network of SEAFRAME (henceforth, SF)
acoustic tide gauges was established by the National Tidal
Facility (NTF) at island, reef and coastal locations in the
Western Pacific and along Australian coastlines prior to
TOPEX launch. Regional tidal models that have been
specifically designed to address and resolve the topographic
complexity of the GBR environment are also available.
[4] A skillful tidal model is obviously required to correct
altimetry data for use in low-frequency circulation studies.
However, verifying model performance does present some
difficulties. In comparisons with in situ sea level data, local
influences must be considered, especially if the site is
distant from the altimeter ground track. For coastal appli-
cations we should avoid making comparisons close to
model boundaries constrained by in situ measurements
(the Schwiderski [1980] model was strongly constrained
by such data along the shelfbreak), while obvious difficul-
ties also arise due to the limited grid resolution (0.5 deg) of
the standard global tidal models, CSR3.0 [Eanes and
Bettadpur, 1995] and FES 95.2 [Le Provost et al., 1998].
Computational techniques are available to improve grid
resolution near the coast (as in FES 95.2), but these finer
scale results are not generally available.
[5] In certain coastal areas, especially in the GBR,
sufficient accuracy and resolution can only be obtained by
using high-resolution regional hydrodynamic models [e.g.,
Bode and Mason, 1995; Bode et al., 1997]. Such models
may be forced at open boundaries by in situ data where
available, and validated or tuned by using in situ data from
stations interior to the model domain. Another approach
being explored uses altimetry-derived deep ocean tide
models to force one-way nested regional numerical hydro-
dynamic models to propagate the tide into the coast
[Burrage et al., 1998; Kantha et al., 1994; L. H. Kantha,
unpublished manuscript, Relocatable Modeling Environ-
ment CCAR/CAST/NAVOCEANO: Altimetry in Marginal,
Semi-Enclosed and Coastal Seas, Mississippi State Univer-
sity, Center for Air Sea Technology]. This concept is partic-
ularly applicable to the GBR, where loss of lock as the
altimeter traverses emergent coral structures can cause
significant data ‘‘dropouts.’’ This effect inherently limits
coastal application of the hybrid global models that use
altimeter data in their solutions (CSR3.0, FES 95.2), in
contrast to the purely hydrodynamic models (e.g., FES
94.1 [Le Provost et al., 1994]) whose boundaries reach the
coast. Even with specially constructed regional models,
care must be taken to resolve the reef and island com-
plexes or parameterize them at subgrid scales [Bode et al.,
1997]. Here we confine our attention to the more open, yet
complex southern entrance to the GBR lagoon (or Capri-
corn Channel), to demonstrate the use of altimetry to
determine sea level variations in a near coast macro-tidal
setting.
[6] Some caution is warranted in computing Geostrophic
Current Anomalies (GCAs) from the altimetry data in such
settings. Burrage et al. [1991] have shown that in the GBR
region the reef complex enhances ‘‘drag’’ on low frequency
flows. Noting that strong tidal currents may act as a
‘‘Reynolds stress’’ on such flows, they modelled this drag
in terms of enhanced linearized bottom friction. Recent
modelling results (by LBM) suggest this effect results from
form drag, as low-frequency flows are diverted by the dense
reef matrix. In any case, these nonlinear effects are rela-
tively weak in the more open reef matrix of the central GBR
[Burrage et al., 1991], and the momentum balance remains
essentially semi-geostrophic away from smaller scale reef
structures [Burrage et al., 1994]. Furthermore, as the period
of low frequency (subtidal) motion increases, the reef also
becomes progressively more transparent to offshelf sea level
and current variations [Burrage et al., 1991]. The best
approach for deducing near-coastal low frequency current
variability may be to employ the high precision altimetric
sea level data available from offshore, to help set numerical
hydrodynamic model boundary conditions, following the
above mentioned approach for constructing regional tidal
models. Absolute geostrophic currents deduced from alti-
metric sea levels at high resolution along model boundaries
could be used for this purpose. This will be feasible once
enhanced geoids emerge from dedicated satellite gravity
missions such as CHAMP and GRACE, launched in July
2000, and March 2002, respectively, and as sufficient data
accumulate from close formation flying of TOPEX and
JASON. As a first step in that direction, we show that
reliable estimates of GCAs can be made on several year
timescales at a current meter location on the upper conti-
nental slope, provided sufficiently accurate tidal corrections
are available. The relatively large angular separation
between TOPEX ground tracks (3.5) fails to resolve
across-shelf scales. However, by utilizing collinear track
analysis, high resolution (order 6 km) can be obtained along
track. Hence we avoid conventional bin averaging and 2-D
interpolation steps, and instead present the data as along-
track profiles.
[7] The main issues we address here are thus: How well
do the CSR3.0 tidal corrections perform in the western
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Coral Sea and close to the Australian continental margin,
and how well do the residual sea levels and computed
GCAs compare with low-frequency in situ sea level and
current variability? To address these and some related
issues, the remainder of the paper is structured as follows:
Section 2 describes the characteristic features of the tides in
the region. Section 3 compares the tidal models with in
situ stations and examines the residuals, which are then
correlated with low frequency in situ records in section 4.
Section 5 discusses the results, and section 6 forms the
conclusions. Appendices (A–C) give details of in situ,
altimetric and tidal model data acquisition and processing.
2. Tides of the Coral Sea and Great Barrier Reef
[8] The tides of the Coral Sea and GBR region (Figure 1)
exhibit a number of interesting and characteristic features
which result from interaction of the tide with the complex
topography of the Coral Sea Basin [e.g., Webb, 1973a,
1973b; Amin and Lennon, 1992], and from additional
effects induced by the varying width of continental shelf
and the Barrier Reef matrix [Middleton et al., 1984; Church
et al., 1985; Bode, 1986; Andrews and Bode, 1988]. These
characteristics provide a challenge, both for tidal modellers
and satellite altimetry experts alike, to resolve tidal and low-
frequency sea levels and currents with sufficient accuracy
and reliability.
[9] Coral Sea tides may be succinctly described by
reference to the results of the Schwiderski [1980] semi-
empirical model or to the purely hydrodynamic FES 94.1
global tidal model of Le Provost et al. [1994]. Le Provost et
al. found their results compared qualitatively with the
original Schwiderski solution. These solutions are charac-
terised by a semi-diurnal wave propagating westward from
the central South Pacific through the passage between New
Zealand (NZ) and the Solomon Islands. The cotidal map for
the dominant semi-diurnal (M2) constituent [Le Provost et
al., 1994, Figure 2] shows this wave is influenced to the
south, by anti-clockwise phase propagation around NZ, and
to the north by clockwise propagation about an amphidrome
located in the Solomon Sea. This results in an amplitude
maximum exceeding 100 cm at NZ, reducing to 0 cm near
Honiara. Amplitudes increase westward to exceed 60 cm
along the southern Queensland (Qld) continental slope
and in the Gulf of Papua (GOP). The dominant diurnal
constituent (K1, their Figure 8), in contrast, shows a simpler
structure. Clockwise propagation around an amphidrome
located east of NZ results in a northward progression around
the East Australian continent in the Tasman and Coral Seas;
with amplitudes gradually increasing from 15 cm at New
Caledonia, to exceed 30 cm in the north-western Coral Sea
and GOP. The tides on the upper continental slope and shelf
of the GBR are outside the domain of the Schwiderski
[1980] model, but are captured in part by the FES95.2 and
CSR 3.0 models.
[10] From our harmonic analyses of data from conven-
tional tide gauge and pressure gauge instruments, and from
the SF acoustic gauges (see appendix A.1 and B.1 for
details), the M2 constituent strongly dominates the 6 other
major constituents at the Noumea and Funafuti tide gauges
(Figure 3a) and at all the SF sites (Figure 3b except
Honiara), and plays a lesser, but still dominant, role at the
coastal sites (TV, CF, MR and FR, see Table 1, Figure 2 for
locations). The phases for the diurnal (O1, P1, K1) and
semi-diurnal (N2, M2, S2, K2) constituents are strongly
differentiated, and there is a tendency for semi-diurnal
phases to be retarded closer to the Australian coast, consis-
tent with westward propagation of the semi-diurnal wave in
this region. This trend is less obvious at the SF sites, with
phase at Honiara being more advanced.
[11] Tides on the continental shelf have been observed
and modelled numerically by a number of other authors
[Andrews and Jeffrey, Large-scale tidal variations along the
Great Barrier Reef, unpublished manuscript; Wolanski and
Pickard, 1985; Andrews and Bode, 1988; Wolanski, 1994;
Church et al., 1985]; a new model spanning the entire GBR
domain is under development (by LBM and LB). The tides
along the broad continental shelf of the southern GBR
[Bode et al., 1997, Figure 19], which is our particular focus,
are essentially progressive, with M2 propagating up the
Capricorn Channel to the north west between lat 22 and
25 S, with gradual amplification to the west [Griffin et al.,
1987]. The tides near Broad Sound (22 S) are anomalously
high due to an effect first recognised and explained by the
explorer, Mathew Flinders, as recounted by Middleton et al.
[1984], and Bode [1986]. Using linear analytical models
Middleton et al. [1984] showed that the dense reef matrix
seaward of the Sound effectively blocks the tide, with the
result that tidal waves penetrating large gaps in the matrix to
the north and south converge in the GBR Lagoon and are
amplified by a significant factor. Further amplification
results from resonant effects, due to the shape and size of
Broad Sound. M2 amplitudes increase from approximately
60 cm on the upper continental slope, to exceed 1.5 m along
the coast south of Mackay. Experiments with a nonlinear
tidal model (by LBM) predict M2 amplitudes of about 2.5 m
at the head of the Sound.
[12] Observed M2 amplitudes for the more restricted
domain (see rectangle, Figure 2) of the Southern Great
Barrier Reef (SGBR) tidal model [Bode et al., 1997] range
from 0.5 to 2.5 m with values exceeding 1.3 m occur at
Flock Pigeon Island located in Broad Sound, and at Mackay
Harbour, Penrith Island and Rosslyn Bay along the central
part of the coast (Figure 4).
3. Tidal Model Performance
3.1. Global Tidal Model Intercomparison
[13] Several teams, including representatives of the var-
ious tidal modeling groups, have performed comprehensive
global tidal model intercomparisons [e.g., Molines et al.,
1994; Shum et al., 1997]. These tasks are a major under-
taking, especially as existing models are updated and new
ones emerge quite frequently. In this study we opted to
intercompare a small but representative selection of models
to give us an understanding of the model characteristics,
errors and differences in implementation and help guide
model selection. Here we assess the FES94.1 [Le Provost et
al., 1994], Egbert [Egbert et al., 1994], CSR3.0 [Eanes and
Bettadpur, 1995], CSR2.0 [Ma et al., 1994] and Desai 94.0
[Desai and Wahr, 1994] tidal models by comparing the M2
tidal constituent amplitudes and phases obtained from each
with harmonic analyses from in situ tide gauges (Table 2).
We also implemented FES95.2, which performs similarly to
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CSR 3.0, but have not tested it extensively. Of those we
tested, only CSR 3.0 may be considered a ‘‘standard
model’’ in the sense that it is available on the TOPEX
GDRs (along with FES 95.2). CSR3.0 has been widely used
by the oceanographic community. However, other models
offer improved performance in certain applications. For
example, CSR 3.0 has been superseded in some regions
by CSR 4.0 and Foreman et al. [1998] state that the Egbert
Figure 1. Map showing Coral Sea bathymetry (with isobaths in meters) and locations of TOPEX
ground tracks overlaid. Track labels indicate equatorial crossing longitude x 10, and distinguish
Ascending (A) and Descending (D) passes. The Great Barrier Reef lies off the Qld coast, inside the 200 m
isobath.
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et al. [1994] model has better coverage than CSR 3.0 along
the west coast of Canada, while the recently published
global tidal model GOT99.2 [Ray, 1999] also resolves a
number of marginal seas including the Gulf of Maine/Gulf
of St. Lawrence on the east coast of the USA and Canada.
[14] Table 2 shows the results of our comparison between
the global tidal models and observations from locations in
and near the GBR, and around the Coral Sea. For ampli-
tudes, and excluding Noumea, CSR2.0 showed the smallest
deviations between the model-predicted and in situ M2
constituent, followed by Desai, CSR3.0 and the purely
hydrodynamic FES94.1. With Noumea included, CSR3.0
was better than Desai; FES94 was not considered in this
case, since it gave no value for that station. For the phase,
excluding Noumea, CSR2.0 clearly performed best,
followed by Egbert and CSR3.0, with FES94.1 showing
the largest deviations. If Noumea was included, CSR3.0 was
the best, followed by Egbert and CSR2.0. Curiously,
CSR2.0 generally outperformed CSR3.0, but its spurious
phase response at Noumea, presumably due to topographic
effects, is a disadvantage. The purely hydrodynamic model
FES94.1 was generally less capable than the hybrid models.
The models differ in their abilities to resolve islands and
other topographic features, so results obtained at such
Table 1. Locations of Tide Gauges and Current Meter Mooringsa
Station Symbol Lat., dd mm S Lon., dd nn E
SEAFRAME Acoustic Tide Gauge
Cape Ferguson, Qld CF 19 170 147 030
Funafuti, Tuvalu FF(SF) 08 320 179 130
Honiara, Solomin Is. HA 9 260 159 570
Lautoka, Fiji LT 17 360 177 260
Port Vila, Vanuatu PV 17 460 168 180
Rosslyn Bay, Qld RB 23 090 150 470
Conventional Tide Gauge
Bundaberg, Qld BB 24 500 152 210
Noumea, New Caledonia NA 22 180 166 260
Townsville, Qld TV 19 150 146 500
Funafuti, Tuvalu FT(TG) 8 320 179 130
Subsurface Pressure Gauge
Carter Reef, Qld Shelf CR 14 32.10 145 34.10
Flinders Reef, Qld Plateau FR 17 42.90 148 26.80
Myrmidon Reef, Qld Shelf MR 18 16.30 147 22.70
Osprey Reef, Qld Offshelf OR 13 52.90 146 33.50
Current Meter Mooring
Jewell Reef JW 14 20.40 145 20.50
Myrmidon Reef MY 18 13.50 147 20.90
aSymbols and locations of tide gauges and current meter moorings
grouped by installation type. The locations are plotted in Figure 2.
Figure 2. Map showing Coral Sea and western South Pacific to the dateline with Coral Sea circulation
scheme and TOPEX ground tracks overlaid. In situ tide gauge and current meter mooring locations are
also shown. The rectangle shows the SGBR tidal model domain.
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localities are not necessarily indicative of deep ocean model
performance.
[15] With no decisive leader among the global tidal
models from comparisons with the tide gauge data in the
Coral Sea, we decided to proceed with a more detailed
assessment of CSR 3.0 (see appendix C for model applica-
tion details) and the SGBR regional tidal model developed
by Bode et al. [1997]. CSR 3.0 offers good overall perfor-
mance at most sites, although there is clearly room for
improvement, especially near islands and coasts (the high
resolution predictions from the FES95.2 finite element grid
might be better, but were not accessible). For work in the
Southern GBR region, the Southern GBR Model is a clear
choice. Global tidal models either perform poorly or are
unavailable for most of this region. It is the only high-
resolution numerical hydrodynamic tidal model available
for the region, and it allows for the subgrid scale influence
of the reef patches using a specially developed reef param-
eterization scheme [Bode et al., 1997]. This scheme
accounts for flow impedance caused by reef patches and
separating channels, using a locally parameterized formula-
tion of the momentum balance, embedded within each
numerical grid cell. The model code has been successfully
applied to several topographically complex tidally dominat-
ed regions, e.g., Torres Strait and the Gulf of Papua, Bode
and Mason [1995]. The model thus offers superior but
economical performance in the topographically complex
Southern GBR domain.
3.2. Harmonic Analyses and RMS Errors
[16] For CSR 3.0, a total of 22 tidal constituents were
available for analysis, while the SGBR model employed 10
major constituents. For the long-term tide gauge data, 149
constituents were analysed, including the mean, Sa and Ssa,
monthly and semi-monthly constituents. The major tidal
constituents chosen for comparison included 3 diurnal
(O1, P1 and K1) and 4 semi-diurnal constituents (N2,
M2, S2 and K2).
[17] Constituent amplitudes and phases for the TG and SF
stations are shown in Figure 3. The corresponding graph for
CSR 3.0 predictions (not shown) was similar, but with the
exceptions noted below. For both model predictions and tide
gauge records all 7 major constituents exceeded 4.0 cm
amplitude, and were larger than the other constituents
analysed. The exceptions were the Noumea, K2 and Funa-
futi, P1 constituents, which were about 3.9 and 2.7 cm,
respectively, for the tide gauges and 3.6 and 2.4 cm for
CSR3.0. This puts P1 close to the 2N2 (2.2 cm) and MU2
(2.4 cm) values at Funafuti, although it exceeds them at the
other stations. The amplitudes and phases from CSR3.0
(including M2), closely approximate those of the tide gauges
at all sites except Townsville and nearby Cape Ferguson.
Townsville is right at the coastal boundary of CSR 3.0 where
the model is relatively inaccurate and the observed M2
amplitudes exceed those of the model by 48%. Amplitude
differences for all other stations are less than 7%, with the
observed tending to slightly exceed the predicted. Differ-
ences between the observed and modelled phases were
generally small, even at the coastal station of Townsville.
[18] The results for the M2 constituent for the SGBR
model domain also reveal good agreement between the
modelled and observed constituents (Figure 4). There is a
slight tendency for the model to under-predict the amplitudes
at most sites. Exceptions include Wallaby Reef located in
the outer reef in the northern part of the model domain and
both Mackay Harbour on the coast, and Flock Pigeon Island
near Broad Sound, which lie in the central part of the
domain. The phases also indicate slight tidal delays in
the model relative to observations, with the exception of
Wallaby Reef and Abbott Point. These errors are minor,
being close to error bounds for most of the analyses.
[19] To provide a more incisive comparison between
modelled and observed tidal constituents, we computed
the RMS error between the M2 constituent and a combina-
tion of all 7 major constituents (A7). This was done by
analytically computing the difference sinusoid between the
modelled and observed sinusoid for each constituent, taking
into account their amplitudes, phases and recognising they





is the RMS model error, xi for the





[20] Figure 5a shows the CSR3.0 RMS errors for the TG
and SF data together. With the marked exception of
Townsville and Cape Ferguson, which exceed 15 and
25 cm respectively for M2 and A7, the errors are less than
7 cm. A7 errors range from 2.3 cm at Noumea to 6.5 at
Lautoka, while M2 ranges from 0.9 cm at Honiara to 6.0 at
Lautoka. Thus in the Coral Sea the total error is largest
at Lautoka, followed by Port Vila, Myrmidon, Flinders,
Funafuti, Honiara and Noumea, while the order of the last
two is reversed for M2. In spite of its higher instrumental
precision the SF gauge at Funafuti gives a higher RMS than
the conventional tide gauge, perhaps because of the shorter
analysis period, combined with the M2 instability noted in
Appendix B.1.
[21] Figure 5b shows the corresponding plot for the
SGBR model domain, but for M2 only. Here the larger
errors in amplitude and phase at Flock Pigeon Island,
Penrith Island and Mackay Harbour, which cluster around
Table 2. Comparison of In Situ M2 Amplitudes and Phases With
Predictions From Various Global Tidal Modelsa
Stn In Situ FES94.1 Egbert CSR 3.0 CSR 2.0 Desai
Amplitude, cm
TV 73.95 N.A.b N.A. 49.95 58.26 52.23
MR 53.64 60.13 50.12 56.98 55.34 50.99
FR 51.53 55.25 48.58 51.43 51.32 48.64
CR 51.05 54.15 44.61 48.15 49.15 45.61
OR 48.41 53.16 43.27 46.64 48.26 45.35
NA 40.57 N.A. 37.35 38.26 37.1 36.84
FF(TG) 57.37 56.07 55.71 53.54 57.1 57.45
Greenwich Phase, Degree
TV 348.7 N.A. N.A. 346.8 344.2 341.9
MR 341.5 335.4 339.3 338.4 342.7 340.9
FR 339.2 333.7 337.3 343.5 340.9 339.7
CR 346.8 338.8 343.5 343.2 343.2 341.9
OR 343.7 339.1 342.9 343.1 343 342.2
NA 270.2 N.A. 252.3 269.7 244.1 241.9
FF(TG) 154.4 153.7 153.1 154.3 153.8 155.3
aComparison of M2 tidal constituent amplitudes and Greenwich phases
obtained from various of the originally proposed TOPEX tidal models
(FES94.1, Egbert, CSR3.0, CSR2.0 and Desai) with those from harmonic
analyses of the long-term in situ tide gauges at specific locations (see
Table 1 for symbol definitions).
bTidal model results are not available for stations marked N.A.
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Broad Sound and Mackay (Figure 4), result in M2 RMS
errors exceeding 10 cm. At all other stations the error is less
than 4 cm, with the minimum occurring at NP2. Errors at
the 5 most northerly sites in the GBR lagoon (Wallaby Reef
to Creal Reef, inclusive) and at the 2 most southern sites
(NP1, NP2) are comfortably under 2 cm, with the exception
of Bugatti Reef which exceeds 3 cm.
3.3. RMS Residual SSH
[22] The performance of the global tidal models can also
be assessed by examining along-track profiles of RMS
residual SSH variability after removal of the tides. The
remaining variability can be attributed to unmodelled or
poorly modelled (and aliased) tidal variability as well as the
spectrum of sea level variability associated with the regional
circulation such as wind-driven currents and mesoscale
eddies. Figure 6 shows the RMS SSH variability for
descending tracks after application of the environmental
corrections and tidal correction using CSR3.0. Where
the profile rises perpendicularly above the track, RMS
variability exceeds 10 cm.
[23] The RMS variability rises from a broad minimum of
about 5 cm along lat 20 S to progressively higher levels in
the Tasman Sea and generally south of the latitude of New
Caledonia. There mesoscale eddies and meanders of the
East Australian Current (EAC) and Tasman front might
play a role (some of this Tasman Sea variability appears
later in the M2 residual tidal alias). The RMS residual
generally exceeds 10 cm south of about 23 S. To the north
it rises to a modest maximum of 10–12 cm close to 15 S,
which lies approximately along the path of the inflowing
South Equatorial Current (SEC). It then drops slightly
before rising to a broad plateau of about 15 cm around
the Solomon Islands. This may be due partly to dropouts,
but seasonally varying currents on either side of the
archipelago [Hughes, 1993] might play a role. Finally, there
is an expanse of high RMS variability in a zonal band
between 5–10 S lying east of the Solomons between 160
and 170 E. This is not associated with any obvious
topographic feature or obstruction, but may be related to
the northerly position of the SEC in this region.
[24] The RMS variability is anomalously high off the
southern GBR in the latitude range 19 to 25 S. This is
largely due to CSR3.0 tidal error associated with the macro-
tides of Mackay and Broad Sound (21–23 S), and partly
due to data dropouts caused by the Great Barrier Reef
complex. This anomaly disappears if the SGBR regional
tidal model is used to correct the altimetry. Small areas of
anomalously high variability appear in the Gulf of Papua
(10 S, 145 E), near Noumea, Vanuatu (15 S, 166 E) and in
the Solomon Islands (5–10 S, 155–162 E)., There is also
evidence of some enhanced sea level variability near the
entrance to the Gulf of Papua (12 S, 147 E) and off the
Southern PNG Coast (12 S, 148 E), which is influenced by
Figure 3. Amplitude (m, upper panels) and Greenwich phase (G deg, lower panels) of each of the 7
major constituents at (a) Tide Gauge and (b) SEAFRAME sites. Diurnal and semi-diurnal constituents are
shown using white and black bars, respectively. The second semi-diurnal constituent (M2) dominates at
all stations except Honiara.
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the Hiri Current (HC) [Burrage, 1993; Burrage et al., 1995;
Hughes, 1993]. The overall picture for the Coral Sea is that
of moderate RMS variability showing variations consistent
with what is known about the general circulation, with
larger and sometimes anomalous variability associated
either with boundary current variability, or global tidal
model errors near coasts, reefs and islands.
[25] The picture for ascending tracks (not shown) is
generally consistent with that of the descending tracks
(Figure 6). However, the influence of the continental shelf,
which widens to the south then narrows suddenly at 23 S is
more apparent, and the elevated RMS levels are less
obvious in the east central Coral Sea.
[26] The RMS values for descending tracks in the South-
ern GBR (superimposed in Figure 6) were calculated from
altimetry data corrected using the SGBR model. This shows
that the large RMS anomaly in the globally corrected data
near long 150 E and between 20–25 S is almost entirely
removed by use of a high resolution regional tidal model
that resolves the reef patches. The ascending track which
crosses the GBR, lagoon and coast (not shown) indicates
RMS levels rising steadily to about 15 cm near the coast
and inside the Lagoon, but with a smaller local peak of
about 12 cm crossing the reef complex.
3.4. M2 Alias Errors
[27] We can further assess the tidal models by examining
the geographical distribution of the residual tidal errors after
correcting SSH using the model. The largest contribution
comes from the M2 constituent which has a 62.12 day alias
period. We computed this contribution by fitting a pure
sinusoid of this period to the residual SSH data after
correction using CSR 3.0 (Figure 7). The figure shows
along-track profiles of the M2 alias error amplitude for the
descending passes through the Coral Sea and GBR region.
Profiles rise perpendicularly above the track when the error
amplitude exceeds 5 cm. Anomalously large residuals
appear along the NE Australian coast, particularly off the
southern GBR and along the SW coast of Papua New
Guinea. Weaker anomalies (order 5 cm) appear east of
New Caledonia. Most of these anomalies are likely due to
larger tidal errors near the coast, particularly where the shelf
is sufficiently wide to cause amplification. Weak anomalies
of 3–5 cm also appear in the Tasman sea and along latitude
33 S, which is close to the location of the eastward branch
of the EAC and the Tasman front. These anomalies may be
due merely to energetic broadband mesoscale motion
appearing at the M2 alias frequency.
[28] The errors are generally modest in the central and
northern Coral Sea until the PNG coast and Solomon Island
chain is approached. At these locations tidal model errors
and data dropouts are expected to degrade the results.
However, the Solomon Sea amphidrome likely reduces their
impact in that region, while the narrow SE PNG shelf
produces little tidal amplification. The same applies to the
progressively narrower NE Australian shelf up to a latitude
of 13 S, where it broadens into the Gulf of Papua. This
suggests that the strong boundary currents over the NE
Australian and Southern PNG slope should be amenable to
study using altimetry data, adjusted using global (or better
still, regional) tidal models.
4. Comparisons of Low Frequency Variability
[29] In the previous section we assessed the performance
of CSR3.0 and the SGBR regional model in removing tidal
signals from the altimetry data. We now evaluate the low
frequency SSH residuals and derived Geostrophic Current
Anomalies by correlating them with low frequency sea level
and current variations from selected long-term in situ
stations.
4.1. Tide Gauge Records
[30] The stations chosen for correlation include all the SF
stations (including Rosslyn Bay in the GBR lagoon), a
conventional long-term sea level station at Bundaberg, and
the TEACS pressure gauge stations Osprey and Flinders
Reef (appendix A.1). Only the SF stations may be consid-
ered to be accurate and precise over the long-term. The
TEACS pressure gauges are subject to drifts in instrument
calibration and occasional datum loss, but are useful for
correlations on weather band to intraseasonal timescales. To
extend their use over interannual timescales, we have
Figure 4. M2 Observed (Ob, black bars) and Predicted
(SG, white) constituent Amplitude (m, upper panels) and
Greenwich phase (G deg, lower panels) at tide gauge sites
located within the SGBR model domain. The data are
replotted and tabulated from Bode et al. [1997 Table 5;
Figure 19], which show site locations and co-amplitude and
phase contours.
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applied the corresponding time mean of the TOPEX SSH to
adjust the datum of each TEACS data segment.
[31] After smoothing on daily and monthly timescales
(appendix B.2), the SSH and in situ data were compared by
plotting demeaned time series and their differences, and by
computing optimally lagged correlations and linear regres-
sions at specific locations. Means were computed over the
full 3.61 yr period of the available TOPEX altimetry record.
Representative examples of the corresponding residual time
series and regression plots are shown in Figures 8a–8c.
Figure 5. RMS Error for tidal model predictions (observed-model) for (a) CSR 3.0 model showing M2
(white bar) and Total Error (A7, for 7 major constituents, black) at locations spanning the NE Australian
continental shelf and the Coral Sea (b) SGBR model showing M2 RMS error only.
Figure 6. RMS SSH variability after correction using the
CSR3.0 global tidal model for descending tracks. The
profiles are plotted so that they rise above the corresponding
track when the RMS value exceeds 10 cm. RMS SSH
variability after correction using the SGBR regional tidal
model within its domain is overlaid (bold lines near lat 20 S,
150 E). The intertrack spacing corresponds to a height change
of about 17 cm perpendicular to the track (5 cm/deg lat).
Figure 7. Amplitude of the residual M2 alias for
descending tracks through the Coral Sea. The profiles are
plotted so that they rise above the corresponding track when
the residual M2 alias exceeds 5 cm in amplitude. Height
scale factor is the same as for Figure 6.
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[32] For Port Vila the fit between demeaned altimetry data
corrected using CSR3.0 and in situ sea surface height
variations remains coherent over a significant latitudinal
span (exceeding 1 deg of latitude, Figure 8a, upper panel).
The sea level variations, which range over about 20 cm
during the observational period, show an RMS difference
between the two observational time series of 4.6 cm at
location 2 where the fit is best (middle panel). The in situ
data explains 55% of the altimeter data variance, while the
regression slope coefficient (or ‘‘response factor’’) shows
that the altimetry fluctuations were attenuated by a factor of
0.8 relative to the in situ fluctuations (lower panel). For
observations near Rosslyn Bay, corrected using the SGBR
regional tidal model the fit at Location 3 shows fluctuations
again ranging over about 20 cm and an RMS difference of
4.0 cm with 64% of the variance explained and no apparent
attenuation (Figure 8b).
[33] The lag correlations (or more accurately ‘‘lagged
cross-correlations’’) were optimized both in space and time.
For each of a range of along track locations spaced at
regular latitude intervals, the lag time yielding the ‘‘maxi-
mum’’ value of the correlation coefficient function (or
‘‘normalised cross-covariance function’’ of Bendat and
Piersol [1986, p. 118, equation (5.16)]) was obtained.
(When time series that are expected to be negatively
correlated are compared, the ‘‘minimum’’ correlation should
be sought; this can be achieved by reversing the sign of one
of the input variables, as we do later for certain current
velocity time series.) Corresponding regression relation-
ships (slopes and offsets) were also computed at each
location, after adjustment using the lag corresponding to
the maximum. The ‘‘optimum’’ lagged correlation and
corresponding regression relationship were then determined
by selecting that location yielding the largest ‘‘maximum’’
time-lagged correlation. While the TOPEX data interval is
limited to 10 days, the in situ data were sampled hourly.
Lags were applied to the smoothed in situ data by advancing
or retarding the time by intervals of 1 or more hours, with
Figure 8. Representative time series and lag correlations for monthly smoothed data. Time series of
demeaned in situ (solid) and altimetric (asterisks) data at intervals along track after lag adjustment (top
panels). Time series from locations at intervals of (a, c) 0.25 and (b) 0.1 deg of latitude alongtrack are
offset along the vertical axes. Time series for the optimal location (center panels). Corresponding lagged
regression plot (lower panels). (a) Port Vila and (b) Rosslyn Bay SSH deviations versus de-meaned in situ
sea levels. (c) Myrmidon Level 2 de-meaned alongslope (solid) and geostrophic currents (asterisks). High
noise levels at location 5 are due to tidal errors and dropouts over the Reef. Results for optimal locations
2, 3 and 2 for PV, RB and MY2, respectively, correspond to entries in Table 3a, Runs 2 and 34, and
Table 4, Run 3.
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respect to the TOPEX cycle time base, before decimating
them to 10 day intervals. Latitude intervals for lag correla-
tion were 0.25 deg (27.8 km) for data corrected with the
CSR3.0 tidal model (filter cutoff wavelength 36 km).
Intervals of 0.1 deg (11 km) were used for data corrected
using the SGBR model (cutoff wavelength 18 km). Hence
in both cases, the spatial intervals were slightly over-
sampled with respect to the filter cutoff wavelength.
[34] The optimal lag locations and corresponding correla-
tion coefficients (Rho) and linear regression coefficients for
each site with its adjoining ascending and descending tracks
were tabulated (Table 3) along with several related statistics.
These include inter alia the effective number of degrees of
freedom, allowing for autocorrelation induced by the time
domain filters, and the direction and speed of propagation
(phase velocity) derived from the optimum lags (distance of
optimal lag location along-track to in situ station divided by
the lag time). Both meridional and zonal components of
phase velocity were determined. These were subsequently
normalised by the Rossby wave speed for the relevant
latitude to facilitate interpretation, particularly at the open
ocean sites, where planetary Rossby wave dynamics might
be expected to dominate the circulation.
[35] A plot summarising all the optimal lag correlations for
the monthly smoothed data for all stations is shown in
Figure 9. Stations in the western Coral Sea and GBR region
in order moving northward at or near the NE Australian coast
are BB, RB, CF, FR andOR, respectively. Those in the central
and eastern Coral Sea are in order eastward HA, PV, LT
and FF. We now examine the correlations in these two areas.
4.1.1. Central and Eastern Coral Sea
[36] Of the stations in the central and eastern Coral Sea,
HA and FF show particularly high correlation values, while
intermediate values appear at PV and LT. The high corre-
lation at HA is related to the M2 tidal amphidrome lying in
this region (Figure 3b), which reduces residual tidal errors
(Figure 5a). Lags at PV show consistently eastward phase
propagation while those at FF and LT show a preference for































1 FF A NW csr3 9.45 178.72 0.87 0.93 2.8 18 0.97 116 17 0.88 1.68 1.94
2 PV D XW csr3 17.45 167.36 0.55 0.74 4.6 20 0.82 116 266 0.12 0.03 0.15
3 PV A XW csr3 17.95 166.93 0.46 0.68 4.7 21 0.64 * 163 84 0.53 0.08 0.37
4 PV D XE csr3 16.95 169.99 0.7 0.84 4.8 21 1.21 * 214 522 0.10 0.05 0.2
5 PV A XE csr3 17.45 169.97 0.74 0.86 4.1 22 1.16 196 736 0.07 0.01 0.05
6 LT A NE csr3 15.20 179.37 0.36 0.60 3.9 32 0.8 349 194 0.32 0.38 1.49
7 LT A SE csr3 18.95 177.86 0.53 0.73 2.8 25 0.80 * 158 36 0.39 1.16 5.62
8 LT D NE csr3 16.2 178.2 0.56 0.75 2.8 27 0.86 179 282 0.09 0.15 0.63
9 LT D SE csr3 18.45 179.10 0.31 0.55 4.0 31 0.74 * 217 80 0.68 0.33 1.55
10 LT A XW csr3 17.95 175.44 0.51 0.71 3.5 32 1.02 236 69 0.94 0.16 0.72
11 LT D XW csr3 18.95 176.47 0.54 0.74 3.4 31 1.06 187 345 0.09 0.12 0.59
12 HA A NE csr3 6.7 159.88 0.93 0.97 3.1 12 1.20 * 303 69 0.03 1.22 1.14
13 HA A SW csr3 9.70 158.78 0.93 0.96 3.5 12 1.22 * 136 69 0.53 0.12 0.16
14 HA D SW csr3 9.95 158.80 0.89 0.94 3.2 14 1.11 143 348 0.10 0.05 0.06
15 HA D NW csr3 5.70 157.24 0.96 0.98 2.9 13 1.25 * 514 146 0.58 0.79 0.64
16 HA A NE csr3 8.45 162.08 0.89 0.94 3.2 14 1.13 * 262 530 0.13 0.06 0.07
17 HA A SE csr3 10.95 161.15 0.64 0.80 4.8 15 0.72 * 217 31 1.21 1.52 2.26
18 HA D NE csr3 6.70 160.44 0.97 0.98 3.4 12 1.28 * 308 7 2.14 12.02 11.19
19 HA D SE csr3 11.95 162.38 0.85 0.92 3.1 10 1.05 392 2323 0.03 0.03 0.06
20 BB A XW csr3 20.15 151.85 0.40 0.63 3.8 17 0.93 525 193 0.09 0.75 5.56
21 BB A XE csr3 23.70 153.14 0.29 0.53 4.6 31 0.71 * 156 1280 0.02 0.03 0.24
22 BB D XE csr3 24.95 153.58 0.42 0.65 5.0 31 1.07 147 171 0.24 0.02 0.19
23 CF A XW csr3 17.95 147.09 0.47 0.68 4.3 33 0.53 * 148 176 0.01 0.23 1.18
24 CF D XE csr3 18.95 148.13 0.62 0.79 3.7 33 0.66 * 132 336 0.10 0.03 0.16
25 CF A XE csr3 18.70 149.62 0.46 0.68 4.4 32 0.61 * 309 3195 0.03 0.01 0.03
26 OR A XW csr3 13.95 145.84 0.63 0.80 3.6 18 0.54 * 83 164 0.14 0.01 0.04
27 OR D XW csr3 13.20 145.85 0.75 0.87 2.9 19 0.77 * 111 386 0.06 0.05 0.14
28 OR A XE csr3 14.45 148.48 0.64 0.80 4.6 19 0.80 * 229 169 0.36 0.10 0.30
29 OR D XE csr3 13.95 148.97 0.65 0.81 4.7 17 0.84 276 61 1.26 0.03 0.10
30 FR A XW csr3 17.45 147.29 0.58 0.76 6.1 27 0.41 * 138 229 0.16 0.04 0.16
31 FR D XW csr3 17.20 147.41 0.53 0.73 6.3 27 0.44 * 133 504 0.07 0.03 0.14
32 FR A XE csr3 17.95 149.93 0.41 0.64 6.9 26 0.51 * 175 235 0.20 0.03 0.14
33 FR D XE csr3 17.95 150.55 0.62 0.79 5.4 25 0.62 * 247 140 0.49 0.05 0.24
34 RB A XW sgbr 22.05 151.04 0.64 0.80 4.0 26 1.03 126 188 0.04 0.18 1.35
35 RB D XE sgbr 22.55 152.50 0.45 0.67 4.7 26 0.83 217 25 2.30 0.74 5.68
36 RB A XE csr3 23.95 153.03 0.32 0.57 4.8 26 0.60 * 286 21 3.60 1.18 9.60
37 RB A XW csr3 19.55 152.10 0.23 0.48 5.1 30 0.46 * 430 3145 0.01 0.04 0.24
38 RB D XE csr3 25.05 153.62 0.46 0.68 5.0 26 0.88 405 213 0.45 0.28 2.36
aComparison of monthly smoothed in situ sea level and altimetric SSH data using optimal lagged correlation. The columns include a run sequence
number, station label, flag for ascending (A) or descending (D) tracks and relative track location. The last is shown as W or E depending on whether the
track passes west or east of the station, N or S where track data is interrupted near the station and correlated with points either north or south along track (or
X if the track data are uninterrupted). The tide model is either CSR 3.0 or SGBR. Track latitude and longitude give the optimal lag point location on the
track. The succeeding statistics are the correlation coefficient, Rho, the root mean square of the regression residuals, Rms, the effective number of degrees
of freedom (allowing for autocorrelation due to smoothing), the regression coefficient, and a flag (asterisk) indicating when this is significantly different
from unity. There follows the total distance between station and optimal lag point, the corresponding optimum lag, zonal and meridional phase velocity, and
finally the meridional phase velocity normalized by the corresponding Rossby wave phase speed. All correlations were significant at the 95% level.
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phase propagating toward the in situ station. This effect
could result from local topographically induced delays in
the penetration of sea level anomalies. The lag results for
HA are mixed. The larger lags place the in situ response
later than the corresponding SSH signal at the optimal lag
location on the TOPEX ground track. However, there is also
an indication of northward and westward phase propagation
at the site. For the daily smoothed data (Table 3b), the
results are generally consistent with those of Table 3a, as
shown in Figure 9, but the correlations are slightly weaker.
The lag results are also similar, but with stronger preference
for HA to lag the SSH, suggesting this effect is related to the
shorter low-frequency timescales.
[37] Some of the lags appear unrealistically large (1000
hours) and approach seasonal timescales. This might result
from large-scale quasi-stationary or very slowly evolving
circulation features which would be excluded by potential
vorticity conservation from entering reef and island chains
intact, but might indirectly influence sea levels at the in situ
station through local momentum and mass exchange pro-
cesses. To give an indication of the actual phase propagation
speed (compensating the lags for the effect of distance
from the station), we also compute the phase velocities
(Figure 10). These are presented as vectors with the same
sense of propagation direction as the lags in Figure 9.
[38] Figure 10 also shows the response factors (Slp) of
SSH versus the in situ sea level variations for all stations for
the monthly data. The corresponding daily data follow a
similar pattern, but are more variable (Table 3b). The results
show that the sea level changes at HA are slightly attenuated
relative to the satellite-derived values. In contrast the values
at LT tend to be amplified. The response factor at FF is
apparently near unity, while PV shows a tendency for SSH
to be attenuated in the west and amplified in the east,
relative to the in situ station. This suggests sea level
anomalies grow in intensity as they propagate eastward
through the Vanuatu island chain.
4.1.2. Western Coral Sea
[39] Correlations for the western Coral Sea stations are
comparable with those at PV and LT, discussed above
(Figure 9). For the monthly smoothed data, phase propaga-
tion is consistently eastward and southward at OR and FR.
The coastal site, CF, tends to lag SSH on the shelf and lead
it in the deeper water, which suggests the dominant sea level
anomalies originate on the outer shelf or slope, perhaps as a
result of coastal-trapped waves.
[40] A similar pattern in the phase propagation applies to
RB and BB which show shoreward propagation near the
coast and inside the GBR Lagoon, and a tendency for
offshore propagation at off shelf locations. These can be































1 FF A NW csr3 9.45 178.72 0.75 0.87 4.3 63 0.95 116 104 0.14 0.27 0.32
2 PV D XW csr3 17.45 167.36 0.45 0.67 6.8 66 0.89 116 375 0.08 0.02 0.10
3 PV A XW csr3 17.45 167.14 0.41 0.64 7.2 48 1.03 141 376 0.10 0.02 0.10
4 PV D XE csr3 16.95 169.99 0.53 0.73 7.2 68 1.03 214 325 0.17 0.07 0.32
5 PV A XE csr3 17.45 169.97 0.62 0.79 6.5 67 1.20 196 519 0.10 0.02 0.08
6 LT A NE csr3 15.20 179.37 0.24 0.49 6.0 103 0.66 * 349 175 0.36 0.42 1.65
7 LT A SE csr3 18.95 177.86 0.34 0.58 4.5 69 0.72 * 158 42 0.33 0.99 4.82
8 LT D NE csr3 16.20 178.20 0.47 0.68 3.9 75 0.89 179 379 0.06 0.11 0.47
9 LT D SE csr3 18.70 179.21 0.26 0.51 6.0 91 0.68 * 241 127 0.45 0.27 1.28
10 LT A XW csr3 17.95 175.44 0.29 0.53 5.9 104 0.76 * 236 9 7.19 1.20 5.51
11 LT D XW csr3 18.70 176.37 0.28 0.53 5.6 102 0.74 * 174 363 0.10 0.09 0.45
12 HA A NW csr3 6.95 159.79 0.85 0.92 4.8 31 1.23 * 276 59 0.09 1.30 1.24
13 HA A SW csr3 9.70 158.78 0.88 0.94 5.4 31 1.36 * 136 17 2.16 0.50 0.65
14 HA D SW csr3 8.95 158.43 0.86 0.93 7.9 32 1.69 * 180 232 0.21 0.06 0.08
15 HA D NW csr3 6.45 157.51 0.91 0.95 3.5 27 1.15 * 430 121 0.63 0.76 0.68
16 HA A NE csr3 8.70 161.99 0.83 0.91 4.5 46 1.06 242 66 0.96 0.34 0.40
17 HA A SE csr3 10.95 161.15 0.70 0.84 4.7 42 0.80 * 217 47 0.80 1.00 1.49
18 HA D NE csr3 6.70 160.44 0.85 0.92 5.9 36 1.28 * 308 41 0.37 2.05 1.91
19 HA D SE csr3 11.20 162.10 0.84 0.92 3.3 17 0.89 312 277 0.24 0.20 0.30
20 BB A XW csr3 20.25 151.81 0.22 0.47 7.0 43 0.47 * 514 40 0.48 3.54 26.38
21 BB A XE csr3 24.05 152.98 0.18 0.42 9.4 107 0.59 * 114 11 1.86 2.20 19.37
22 BB D XE csr3 24.70 153.46 0.41 0.64 8.3 101 0.87 133 245 0.15 0.02 0.15
23 CF A XW csr3 18.20 146.99 0.36 0.60 8.3 94 0.55 * 121 35 0.06 0.96 4.88
24 CF D XE csr3 18.95 148.13 0.41 0.64 8.0 98 0.55 * 132 248 0.14 0.04 0.22
25 CF A XE csr3 19.45 149.31 0.23 0.48 11.3 68 0.55 * 267 20 3.70 0.26 1.41
26 OR A XW csr3 13.45 146.03 0.53 0.73 5.2 83 0.83 77 226 0.07 0.06 0.16
27 OR D XW csr3 13.45 145.94 0.47 0.69 5.3 77 0.70 * 85 438 0.04 0.03 0.08
28 OR A XE csr3 13.95 148.68 0.53 0.73 6.5 78 0.89 243 247 0.27 0.01 0.02
29 OR D XE csr3 13.95 148.97 0.46 0.68 6.9 67 0.76 * 276 227 0.34 0.01 0.03
30 FR A XW csr3 17.45 147.29 0.26 0.51 8.6 89 0.35 * 138 9 4.15 0.91 4.09
31 FR D XW csr3 17.45 147.52 0.30 0.55 7.9 91 0.39 * 112 229 0.13 0.04 0.16
32 FR A XE csr3 17.70 150.03 0.21 0.46 8.8 91 0.44 * 185 444 0.12 0.00 0.00
33 FR D XE csr3 17.95 150.55 0.41 0.64 7.7 84 0.53 * 247 363 0.19 0.02 0.09
34 RB A XW sgbr 22.25 150.95 0.42 0.64 9.0 64 0.77 102 229 0.02 0.12 0.92
35 RB D XE sgbr 22.15 152.32 0.41 0.64 8.1 90 0.49 * 216 241 0.21 0.13 0.96
36 RB A XE csr3 24.05 152.98 0.10 0.32 10.3 88 0.36 * 285 14 5.29 1.99 16.27
37 RB A XW csr3 19.95 151.93 0.12 0.35 8.4 91 0.26 * 381 85 0.45 1.16 7.90
38 RB D XE csr3 24.65 153.44 0.38 0.62 9.3 91 0.61 * 364 248 0.36 0.19 1.57
aComparison of daily smoothed in situ sea level and altimetric SSH data using optimal lagged correlation. See Table 3a footnote for notation details.
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seen more clearly in relation to the topographic details of
the GBR in Figures 11 and 12. Data from the ascending and
descending tracks passing either side of RB were corrected
using the SGBR tidal model, while those east of BB, which
is outside the SGBR model domain, were corrected using
CSR3.0.
[41] The correlations with RB and BB from nearby track
locations are modest to high, with lower correlations off
shelf. The correlation with RB (0.80) at one location in the
outer lagoon (near 22 S,151 E, Table 3a, Run#34) is also
surprisingly high, which suggests the Lagoon responds
coherently at low frequencies. At this location the correla-
tion with the daily smoothed data is also high (0.77). This
high correlation appears in a topographically complex
domain which involves strong forcing by the EAC and a
strong interplay between synoptic, mesoscale and subme-
socale circulation processes [Burrage et al., 1996].
[42] The response factors for the western sites (Figure 10)
all have a tendency for the sea level variability to be higher
at the in situ station than along the TOPEX ground
tracks, particularly for the continental shelf sites (e.g., RB,
Figure 12) where coastal trapped waves might play a role.
This effect is especially marked for the daily smoothed data
(Table 3b) which includes the weather band.
4.2. Current Meter Records
[43] Time series of GCAs were computed for locations on
TOPEX ground tracks and compared with the alongslope
current component from the nearby current meter moorings
(appendix A.2). These observations are strongly influenced
by the northward (HC) and southward (EAC) branches of
the SEC, which flows into the Coral Sea primarily between
the Solomon Islands and New Caledonia [Andrews and
Clegg, 1989]. Across-track GCAs were computed from the
along-track gradients of monthly smoothed and tidally
corrected SSH data, with no subsequent filtering. The tracks
analysed were the ascending and descending tracks closest
to the current meter site. Thus the two current vectors were
not necessarily optimally aligned along the flow, and in the
absence of shear or other flow inhomogeneities, should
scale as the cosine of the angle between them.
[44] The currents from the moorings were compared
with the TOPEX GCAs using optimal lagged correlation
analysis, as for the sea level data. For the in situ currents,
the along-slope components were used because the moor-
ings are close to a steep continental margin and currents are
thus constrained by the topography. Furthermore, only the
along-slope currents are expected to be in geostrophic
balance, as the momentum balance is semi-geostrophic
[Burrage et al., 1991].
Figure 9. Optimal lag correlations for all stations
examined for monthly smoothed data. All correlations
shown in this and the subsequent figs are significant at the
95% level. Radii of the solid circles represent the correlation
coefficient; ideal Rho = 1.0 circles (dashed) are included for
comparison. Corresponding lags are indicated by the lines
emanating from circle centres that point in the direction of
phase propagation (either away from or toward the in situ
station according as the SSH data lags or leads the in situ
station). Line length is scaled by log10 of actual lag value,
but actual values appear in the legend labels (not the
exponent). The centre of each circle lies at the point of
optimal lagged correlation along the relevant descending or
ascending TOPEX ground track.
Figure 10. Regression coefficients (slopes) of SSH versus
the in situ sea level variations for all stations for the monthly
smoothed data. The coefficient values (solid circle radii) at
each optimal lag location may be compared with the ideal
value of unity (dashed circles). Where the indicated
coefficient value exceeds (is less than) unity, the SSH
fluctuations exceed (are less than) the corresponding in situ
fluctuations, implying the in situ station response is
attenuated (amplified). Lines emanating from circle centres
represent the total phase velocity as computed from the lags
in Figure 9 and distance from station. These lines, with
lengths scaled by log10 also point in the direction of phase
propagation.
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[45] Optimal lag correlations (Table 4, Figure 13) were
computed between GCAs and the along-slope component of
current over a range of along-track locations. Figure 8c
shows an example run which is for MY2 along slope
currents. The correlation circles for the different depth
levels, which are at optimal lag locations along ground
tracks, are closely coincident, or at least overlapping, at
each mooring. Correlations are consistently high (>0.7) and
significant at the 95% level at Myrmidon, and phase
propagation directions scatter about the along-slope direc-
tion. They were lower at the Jewell Reef mooring and below
the significance level in two cases (Table 4). All in situ time
series were initially sign reversed (multiplied by 1, as
indicated in col 2) to invert the phase relationship between
the positive eastward GCAs from the SSH data, and the
positive northward along-slope current observations, to
match the prevailing current flow directions of the SEC,
EAC and HC (sign reversal is necessary for anticorrelated
signals because our software seeks only maximum, not
minimum, cross correlation values). Signs were reversed
for the Myrmidon mooring because eastward (+ve) flow
across the ground tracks is consistent with poleward
(ve) flow in the EAC current at the mooring. They were
reversed at Jewell because westward (ve) SEC inflow
crossing the ground tracks is consistent with equatorward
(+ve) flow in the Hiri Current. The latter assumes the SEC
bifurcation lies south of the mooring, which according to
the direction of the TEACS current meter time series, is
Figure 11. Optimal lag correlations for stations in the
Southern GBR for monthly smoothed data. The data partly
duplicates that in Figure 9, but the relationship with
the Great Barrier Reef topography is revealed. Data from
the tracks passing either side of RB were corrected using the
SGBR tidal model; those east of BB were corrected using
CSR3.0. (See Figure 9 caption for notation details.)
Figure 12. Regression coefficients (duplicating data in
Figure 10) for stations in the Southern GBR. See Figure 10
caption for annotation details.































1 MY1(1) D XE 18.45 147.92 0.61 0.78 9.1 * 18 0.65 * 72 150 0.12 0.05 0.23
2 MY1(1) A XW 17.45 147.29 0.67 0.82 8.6 * 18 0.70 * 86 110 0.02 0.22 1.03
3 MY2(1) D XE 18.20 147.82 0.85 0.92 5.2 * 14 0.86 * 55 305 0.05 0.00 0.01
4 MY2(1) A XW 17.95 147.09 0.73 0.86 8.4 * 14 1.00 43 10 0.83 0.85 4.02
5 MY3(1) D XE 18.45 147.92 0.51 0.71 8.6 * 19 0.90 72 45 0.42 0.15 0.75
6 MY3(1) A XW 17.95 147.09 0.59 0.77 9.0 * 19 1.10 43 285 0.03 0.03 0.14
7 MY4(1) D XE 18.45 147.92 0.74 0.86 8.0 * 14 1.51 * 72 10 1.87 0.69 3.39
8 MY4(1) A XW 17.95 147.09 0.63 0.79 6.9 * 14 1.14 43 340 0.02 0.03 0.12
9 JW1(1) D XE 14.20 146.23 0.11 0.33 9.6 19 0.23 * 103 1435 0.02 0.00 0.01
10 JW1 D XE 14.95 146.52 0.44 0.67 8.0 * 19 0.59 * 152 705 0.05 0.03 0.08
11 JW1(1) A XE 14.45 145.65 0.35 0.59 25.8 * 18 1.91 * 37 1540 0.01 0.00 0.01
12 JW2(1) D XE 14.70 146.43 0.10 0.32 9.6 15 0.28 * 131 3455 0.01 0.00 0.01
13 JW2 D XE 15.45 146.72 0.25 0.50 8.2 * 17 0.40 * 201 1425 0.03 0.02 0.08
14 JW2(1) A XE 14.20 145.74 0.27 0.52 35.0 * 18 2.32 * 49 830 0.02 0.01 0.02
aComparison of in situ current meter and altimetry-derived GCAs for monthly smoothed data. Column definitions are the same as for Table 3a (see
footnote) except that correlations which are statistically significant at the 95% level are explicitly flagged (Rho Sig), the Tide Model is omitted since CSR
3.0 was used throughout. Station symbols refer to Myrmidon (MY) depth levels 1–4 and Jewell Reef (JW) levels 1–2, respectively; the (1) indicates sign
reversal (see text for details).
34 - 14 BURRAGE ET AL.: TIDAL CORRECTIONS FOR TOPEX
normally the case (D. M. Burrage, and C. R. Steinberg,
Transports of the East Australian Current System (TEACS):
A decadal scale time series of currents and sea levels from
the NE Australian continental margin, manuscript submitted
to Journal of Geophysical Research, 2003, hereinafter
referred to as B&S). However, reversals may occur which
occasionally place the mooring in the Southern (EAC)
branch of the bifurcation. To test whether southward flow
might predominate, we performed correlations with no sign
reversal at Jewell Reef and found, somewhat surprisingly,
that these correlations were statistically significant and
either higher than (shallower JW1) or comparable to (deeper
JW2) the sign-reversed case. There are a number of possible
explanations for this result (see below), but the most
obvious is that the mean bifurcation position might have
been located north of Jewell Reef for the particular period of
the available TOPEX and Jewell Reef records.
[46] The generally better correlation at Myrmidon Reef
than at Jewell has several possible explanations: The southern
boundary current branch (EAC) has a broader, more
coherent and positionally invariant flow than the northern
branch (HC), since the SEC bifurcation at near surface
levels lies close to the Jewell Reef mooring and may change
its position on seasonal and interannual timescales [B&S,
Burrage et al., 1995, Hughes, 1993]. Indeed, time series of
the GCAs and in situ currents from Jewell Reef (not shown)
confirm that the two time series fluctuate in phase for quite
long periods then shift out of phase, presumably as the
bifiurcation point moves past the mooring location. One
of us (LBM) has also found indications from numerical
hydrodynamic modelling experiments (supported qualita-
tively by shipboard Acoustic Doppler Current Profiler
observations [Hughes, 1993]) that during strong northward
flow events the boundary current may separate from the reef
edge, which lies only about 1 km from the mooring, while it
tends to remain attached during southward flow. We thus
suspect the HC separates inertially from the reef edge as the
latter bends to the west upstream of the mooring. In this case
the JW mooring data would be biased against northward
flow. In contrast the Myrmidon current mooring is located
further seaward of the reef on a more gentle slope and
it is directly and perennially exposed to the EAC flow
(although strong SE trade wind events and shelfbreak eddies
occasionally cause significant horizontal shear and can even
reverse the direction of the near-surface current). Other
factors that might influence the reliability of the correlation
at Jewell Reef include noise in the altimetry data close to the
reef edge, and the possibility that the momentum balance
might be ageostrophic near where the bifurcation intersects
the shelf break.
[47] While the correlations for the ascending track are
statistically significant and comparable with those of the
descending track, the RMS residual levels are much higher
for the ascending case (Table 4). This is probably a
consequence of the CSR3.0 failing to give good tidal
corrections near the reef edge (Figure 8c, Location #5
reveals such errors). A newly constructed tidal model which
extends the regional tidal model into this part of the
continental margin should resolve this issue. The lagged
correlations for the Myrmidon current meter mooring are
also generally higher than those obtained for the various sea
level intercomparisons. This might partly be explained by
the computed SSH gradients being less sensitive to tidal
errors than the SSH itself, since the tides vary only
gradually in space, but rather rapidly in time. The tidal
error is effectively filtered out by the differentiation process,
since cycle to cycle changes in spatial mean sea levels have
no effect on the gradients. It may also result from the closer
proximity of this mooring to the TOPEX ground tracks than
that of the other in situ stations.
5. Discussion
[48] Performance comparisons of various global tidal
models for correcting TOPEX altimetry in the Coral Sea
revealed no clearly outstanding candidate, although the
‘‘Standard’’ CSR3.0 model offers effective overall perfor-
mance, and is readily accessed and applied. In general the
appropriate choice of global or regional model depends
upon the desired application and resolution, and is affected
by the relative mix of deep ocean, continental shelf or reef
and island topography in the study domain.
[49] We assessed tidal model performance in a number of
ways, each of which has strengths and weaknesses. Com-
parisons of predicted and observed tidal constituent ampli-
tudes and phases using harmonic analysis provides a test
that is obviously independent of the TOPEX altimetry data,
except to the extent that the altimetry is assimilated into the
model, as in CSR 3.0 and FES 95.2. Mapping RMS
residuals of the tidally corrected SSH facilitates compar-
isons among models under the assumption that the one
yielding the lowest RMS is the ‘‘best’’ in the least squares
sense. It also allows areas of significant tidal errors to be
identified where mesoscale variability is known to be
modest (e.g., Noumea), as in our interpretation. However,
Figure 13. Optimal lag correlations between observed
along slope currents and GCAs for monthly smoothed data
at the moorings off Jewell and Myrmidon Reefs. Correlation
circles from different depth levels are superimposed at their
respective optimal lag locations. See Figure 9 caption for
other annotation details.
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where mesoscale eddies or boundary current meanders are
dominant (as in the Tasman Sea) these will inflate the RMS.
Fitting a pure sinusoid with a period corresponding to that
of the tidal constituent alias allows error levels to be
identified for specific spectral lines. It thus better discrim-
inates potential alias errors from the low frequency back-
ground than does the RMS method. Although it also
removes quasi-oscillatory low frequency variability present
in the same wave band, this effect will diminish for longer
records, which allow finer resolution of the spectral line,
thus reducing noise. In practice we used this method only
for the major constituent, M2, which is the dominant error
source, but genuine low frequency signals in the 60 day
wave band might also have been removed.
[50] Optimally lagged correlation analysis of the low
frequency SSH residuals and GCAs, with similarly filtered
in situ data, is clearly not a direct test for tidal errors per se.
However, altimetry data retaining significant tidal errors is
unlikely to correlate well with low frequency in situ data, as
found for CSR 3.0 near Mackay; so tidal error could explain
a low correlation where other evidence suggests it should be
high. The method also gives information on the direction
and speed of propagation (phase velocity) of disturbing
influences. However, its application in this context should
be regarded as experimental. The results are subject to
statistical uncertainties such as phase ambiguities associated
with oscillatory signals. Interpretation also requires a careful
distinction between particle velocities (current velocities)
and speed and direction of wave or eddy propagation (phase
velocities), which will differ, depending on the dynamics.
Finally all these techniques may be subject to aliasing
errors. We have sought to minimize spatial aliases by
sampling SSH along tracks, but aliasing associated with
large track to station separations could cause spurious
correlations. Temporal aliasing of weather band signals by
the 10 day TOPEX repeat cycle could influence such
analyses.
[51] RMS SSH plots show generally lower levels in the
Coral Sea than in the Tasman Sea, where mesoscale eddies
and the meandering Tasman front are energetic sources of
variability. To the north it rises to a broad maximum close to
the path of the inflowing SEC [Andrews and Clegg, 1989;
Burrage et al., 1995]. With the exception of areas affected
by local topography and tidal errors, the RMS variability in
the Coral Sea was consistent with what is known of the
general circulation. For example, there was a local maxi-
mum near the location of the Papuan Gyre [Burrage, 1993].
The high RMS variability off Mackay, which in some
previous studies has appeared as evidence of high meso-
scale variability [e.g., Shum et al., 1997, Plate 4] is
effectively eliminated when the SGBR regional tidal model
is employed (Figure 6). The high RMS surrounding the
Solomon Islands is unlikely to be due to tidal errors, but
may result from seasonal circulation around the islands and/
or data dropouts. The high RMS north and east of the
Solomons, however, is mostly likely caused by genuine
mesoscale variability associated with the northern limb of
the South Pacific subtropical gyre.
[52] The M2 alias amplitude plots generally clarify and
support our interpretation of the RMS variability. They
confirm the presence of substantial tidal errors near Broad
Sound/Mackay and over the broad continental shelf in the
Gulf of Papua. The slightly elevated tidal error levels in the
western Tasman Sea, however, may be a result of genuine
mesoscale energy present in the 60-day wave band. They
also confirm the low tidal alias errors near the Solomon
Islands.
[53] Several authors have reported applications of region-
al tidal models to correct altimetry in coastal areas. Ray
[1999] presents a newly developed global ocean model,
GOT99.2, based on the earlier Schrama and Ray [1994]
model, but assimilating 3 times the amount of TOPEX
altimeter data. Using a regional a priori hydrodynamic
model in the Gulf of Maine, he found a significant reduction
in RMS residuals to levels of order 10 cm, in comparison
with CSR 4.0. Kantha et al. [1994] applied regional models
forced by global tidal models offshore and produced oper-
ationally useful analyses of TOPEX altimetry in coastal
areas. Our application of the SGBR regional tidal model
showed that effective tidal corrections can be deduced in
areas affected by the presence of reefs and islands, provided
care is taken to account for the influence of subgridscale
topography.
[54] Numerous studies have compared tidally corrected
SSH data with tide gauge records [e.g., Mitchum, 1994;
Nerem et al.,1994; Le Provost, 1994; Koblinsky, 1999].
Actual calibration studies [Born et al., 1994; Christensen
et al., 1994; Me´nard et al., 1994; White et al., 1996;
Exertier et al., 2000] seek to compare absolute levels from
TOPEX at, or carefully extrapolated to, the calibration site,
and have demonstrated RMS differences ranging from to
about 1.5 to 3.5 cm. Studies using non-coincident coastal
and island tide gauges, pressure gauges or inverted
echosounders, and dynamic heights computed from temper-
ature sensors [Katz et al., 1995; Mitchum, 1994; Picaut
et al., 1995; Verstraete and Park, 1995; Woodworth et
al., 1996; Murphy et al., 1996] generally achieve RMS
differences ranging between about 4 and 12 cm, depending
upon location, with correlations ranging from 0.4 to 0.9, but
typically 0.6 to 0.7. The results we report here are consistent
with these ranges, but may be less conservative (larger than
would otherwise be the case) because we have optimized
lags and locations to account for phase propagation. Our
results could also be more variable as they are obtained
from individual locations, not global averages.
[55] Some investigators [e.g., Mitchum, 1994] correlate
SSH data from the track point of ‘‘closest approach’’ to the
in situ station. Others [e.g., Koblinsky et al., 1999] have
examined the correlation at various places along track, as
has been done here. Mitchum [1994] found a significant
but weak dependence of correlation upon track-to-station
separation for tracks adjacent to stations, considering only
the point of closest approach. Our results, and those of
Koblinksky [1999], show that correlation usually falls off
more or less symmetrically along track, either side of the
optimum lag location. However, in some cases we found
evidence of spatial or temporal double maxima. This effect
could be explained by anomalies being diverted and/or split
around an island or reef site away from the point of closest
approach. We also plotted the optimum lag correlation as a
function of distance from station (Figure 14). The results for
monthly smoothed data (Figure 14a) show that, if Honiara is
omitted, there is tendency for the envelope of the optimal
correlation values to decrease with increasing separation.
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This is less evident for the daily data (Figure 14b) and few of
the individual stations show any consistent trend. Clearly
topographic complexities and regional circulation dominate
distance in determining the correlation.
[56] Mitchum [1994] experimented with applying lag
adjustments for westward drift at the first mode baroclinic
Rossby wave speed [Gill, 1982, p. 489], and discussed
possible departures due to non-Rossby wave dynamics and
other factors. Meridional as well as zonal drift needs to be
taken into account where topographic features govern
eddies or boundary currents, and Rossby wave dynamics
may not apply.
[57] We experimented with his approach by computing
zonal and meridional phase propagation velocities from
optimal lags and scaling them by the local Rossby phase
speed. None of the phase velocities showed evidence of sea
level anomalies drifting west at the Rossby speed. Instead,
there was evidence of predominantly eastward and south-
ward propagation off the NE Australian shelf, consistent
with the general motion of the EAC. Phase propagation was
eastward at Port Vila and north-eastward at Funafuti. The
latter results are not easily explained. They contrast with
those of Vivier et al. [1999], which assign a dominant role to
(mostly annual period) westward Rossby wave propagation
in the western South Pacific, including the Coral Sea. Their
results are based on a TOPEX data assimilation procedure
which models the waves kinematically in an attempt to
eliminate local influences. Our results, however, might be
significantly influenced by station locations, which are
arrayed around the Coral Sea margins, rather than in the
interior, and by other site specific factors. This needs further
investigation and might be resolved by track to track cross-
correlation of the SSH data in the region, independently of
the in situ data.
[58] The phase lags at certain localities appear to reflect
delays in the response of the in situ station to the surround-
ing deep ocean, possibly due to local topographic influences
with attendant amplification or attenuation of SSH signals.
We should not read too much into individual lag and
regression coefficient values, however, as these are subject
to statistical uncertainties. Lags and correlations might also
be frequency dependent. In this case, coherence rather than
correlation analysis would be more appropriate, and is
recommended for future studies when longer and more
complete data sets are available. Alternatively, the data
could be band-pass filtered and correlated within different
wave bands. Finally, removal of the strong seasonal signal
from both data sets prior to correlation could be tried to
reduce the possibility of spurious correlations related to
localised seasonal variability (e.g., seasonal heating inside a
reef lagoon or wind-induced coastal upwelling), but at the
risk of removing a dominant signal of interest.
[59] Purpose-built sea level verification sites and reference
stations with a predictable relationship to the TOPEX tracks
have been effectively used to validate altimetry and monitor
altimeter drift over time [e.g., Mitchum, 1994]. However,
comparison of altimetric SSH and in situ sea levels for
shallow or non-coincident locations on a regional scale might
best be viewed as an opportunity to investigate the character-
istics and representativeness of each site, rather than as
validation per se. Comparisons with such stations will likely
produce conservative error estimates in contrast to sites that
are ideally located on TOPEX ground tracks. Kagan and
Kivman [1994] present a necessary condition of representa-
tiveness of sites located at islands and in island archipelagos
for deep ocean tides, which could possibly be extended to
lower frequency motions to help assess such effects.
[60] The SSHs were also compared with long-term
records from pressure gauges maintained at off-shelf reefs
by AIMS since 1988. Datum shifts were adjusted by
ascribing the corresponding TOPEX mean sea level to
each data segment. While this artificially improved the
correlation, it enabled us to demonstrate that shorter-term
(intraseasonal) fluctuations are also well correlated. Hence
relatively economical pressure gauges can provide the
higher frequency fluctuations that are aliased by the 10 day
repeat cycle, while the altimetry provides the long-term
trends.
[61] Finally, GCAs were computed from the Topex SSH
data and compared with de-meaned low frequency along
slope currents using optimal lagged correlation analysis.
The results showed modest to high correlation (order 0.5
and 0.8, respectively off Jewell and Myrmidon Reefs,
respectively) and sensible phase propagation directions.
The relationship between the two time series appears stable,
with no obvious year-to-year biases in the current meter
records over the 3.6 year period. Thus means deduced from
other methods, once known, should remain stationary
(statistically), so that absolute currents as well as seasonal
and interannual variability could be reliably inferred. The
poorer correlation between GCAs and currents at Jewell
Reef may be due to the close proximity to the reef and
attendant tidal errors, the relatively large track to station
separation, along with possible flow separation and migra-
tion over time of the near-surface SEC bifurcation past the
mooring location.
Figure 14. Optimal lag correlation for (a) monthly and
(b) daily smoothed sea levels as a function of distance
between in situ station and optimum correlation point along
the adjoining track. Markers refer to stations FF (circle), PV
(cross), LT (plus), HA (asterisk), BB (square), CF
(diamond), OR (triangle down), FR (triangle up), RB (star).
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[62] Correlation of the TOPEX ground tracks that
intersect the GBR was hampered by the lack of adequate
tidal corrections close to the shelfbreak and within
the GBR lagoon, except in the southern GBR, where
the high-resolution regional tidal model was applied. The
model domain has recently been expanded to include the
central and northern GBR continental shelf and slope and
thus facilitate extraction of SSH along additional altimeter
ground tracks. Further work is needed to isolate the
effects of dropouts over reefs and islands, and to vary
data screening criteria in order to optimize data returns
near such features. The TMR wet troposphere correction
must also be extrapolated horizontally if TOPEX data are
to be utilized close to the coast. Since the radiometer has
a 40 km footprint diameter (half power beam width,
Janssen et al. [1995]), its brightness temperatures may
be contaminated by land within a radial distance of about
20 km.
6. Conclusions
[63] The performance of the standard CSR3.0 global tidal
model corrections in the Coral Sea was assessed using
collinear track analysis and found to be generally adequate
in the Coral Sea, away from the larger reefs and islands.
However, it is deficient off the NE Australian continental
shelf/Great Barrier Reef, particularly in the macro-tidal area
near Broad Sound and Mackay. To provide tidal corrections
in this area we employed a high-resolution numerical
hydrodynamic tidal model of the region.
[64] A novel application of optimal lagged correlation
techniques to the tidally corrected low frequency SSH
shows very high correlation (>0.9) for Honiara, owing to
the M2 amphidrome. It remains satisfactorily high (>0.6)
for locations in both the eastern and western Coral Sea, and
in the Southern GBR within the regional tidal model
domain. Inferred phase propagation velocities near the in
situ stations vary widely, apparently in response to the
competing influences of local topography, regional circula-
tion features and timescales. Time series of Geostrophic
Current Anomalies from in situ current meter moorings on
the continental slope give optimal lagged correlations of
order 0.5, and 0.8 near Jewell (14 S) and Myrmidon Reef
(19 S), respectively.
[65] Our study region included the topographically com-
plex Coral Sea and adjoining NE Australian continental
slope, and the southern entrance to the GBR Lagoon, where
tides are amplified as they propagate around the reef matrix
and over an expansive continental shelf. We conclude that,
when coupled with accurate tidal models of sufficient
resolution, TOPEX altimetry can provide useful information
on long-term sea levels and geostrophic currents in regions
subject to strong topographical constraints and macro-tidal
influences.
Appendix A: Data Acquisition and Analysis
A.1. In Situ Tide Gauges
[66] To supplement data from established TOPEX refer-
ence stations (Shum et al. [1997, Figure 4] shows represen-
tative locations; a gap in the western Coral Sea being
evident), we obtained high accuracy and precision data
from the SEAFRAME tide gauge network. This network
is operated by the Australian National Tidal Facility (NTF)
(http://www.ntf.flinders.edu.au). SF stations in our area of
interest include: Cape Ferguson, Rosslyn Bay, Honiara, Port
Vila, Lautoka and Funafuti (Table 1, Figure 2). The primary,
AQUATRAK, sensor used in the SF gauges has a sample
resolution of 1 mm. Datum changes monitored so far by the
Australian Surveying and Land Information Group (http://
www.auslig.gov.au) are generally less than 1 mm yr1 and
thus negligible compared with expected tidal errors. The
6 min sampled sea level data are filtered and decimated to
hourly intervals, while weather and ancillary data are
recorded hourly. Sea level and atmospheric pressure data
files, edited and archived by NTF were processed at the
Australian Institute of Marine Science (AIMS) using in-
house MATLAB (The Mathworks Inc.) software. Records
used ran from 1992 to 1996, where available, to span the
first 132 cycles or 3.61 yr of TOPEX altimetry data.
Harmonic analyses were performed on the hourly in situ
time series data (see appendix B.1), while for comparison
with tidally corrected TOPEX data, the tides were removed
using a low-pass filter. The filters used were 51 hour
(2.1 day) or 1440 hour (60 day) long raised cosine
(Hamming) filters, which have cut-off periods (first zero
points) of 25.5 hr and 30 day. Both retain the longer
timescales, but the latter also removes weather band
variability and reduces noise levels. For convenience we
refer to these time series as being smoothed on ‘‘daily’’ or
‘‘monthly’’ timescales, respectively.
[67] Data from other Pacific Island sites were obtained
from the University of Hawaii Sea level Center (UHSLC).
The format and our processing were similar to that
described for the NTF data. These tide gauges are in most
cases conventional stilling well instruments, which are less
precise and accurate than the SF acoustic tide gauge
stations. The main conventional tide gauge sites used in
our comparisons were Townsville, Bundaberg, Noumea and
Funafuti (Table 1, Figure 2).
[68] Long-term sea level data have also been obtained
by AIMS using repeated subsurface pressure gauge
deployments of Aanderaa WLR5 and WLR7 Water Level
Recorders, located both at shelf edge and off-shelf reef
sites (see B&S for deployment details). Commencing late
in 1987, these deployments, are part of a long-term AIMS
program to examine Transports of the East Australian
Current System (TEACS). Only results from the Carter
Reef, Osprey Reef, Flinders and Myrmidon Reef TEACS
pressure gauges (Table 1, Figure 2) are employed here. For
convenience we group the pressure gauges with the
conventional tide gauges described above and henceforth
use the capitalised term ‘‘Tide Gauges’’ or TG to refer to
the two collectively and in distinction from the SF acoustic
gauges. The lower case ‘‘tide gauges’’ refers generically to
all three types.
[69] In contrast to the conventional tide gauges which are
attached to permanent man-made structures, the TEACS
pressure gauges are deployed by divers on partially buried
and/or staked concrete disks set onto a sandy seabed or
coral reef flat. The disk allows 2 instruments to run in
tandem during changeovers to intercalibrate them and
maintain the datum, but otherwise we rely upon manufac-
turer calibrations. Used alone, the data are best suited to the
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study of higher frequency (seasonal through weather-band
to tidal) time-scales. However, the long record (up to
10 years) provides many degrees of freedom and facilitates
reliable statistical estimates of processes operating at
these shorter timescales. Interannual and longer-term sea
level changes cannot be reliably observed due to datum
uncertainties, but we have found we can use long term
means of the TOPEX altimetry to detect and correct for
undocumented datum changes.
[70] We used a variety of procedures and checks to
preserve datum continuity and verify the quality of the
pressure gauge data. We cross-calibrated instruments in the
field where possible to maintain a fixed, but arbitrary,
datum for multiyear periods. We looked for possible
changes in calibration as specific instruments were rede-
ployed at different array locations. Other checks included
screening for instrumental, sampling and recording errors,
and detecting timing or datum changes in the instrumental
response to the tides. Short data gaps (less than 1 day) or
instrument displacements were corrected by matching tidal
predictions preceding and following the record disconti-
nuity. This method assumes low frequency variations are
minimal during the break. For longer gaps we adjusted the
mean sea level of the pressure gauge data segment to
match that computed from the TOPEX altimetry data. This
method was applied to Osprey and Flinders Reef time
series where there was no other possibility of recovering
the datum. Naturally, this precludes any independent check
on long-term TOPEX-derived sea level trends at these
stations.
[71] After applying these checks and corrections, the 6
years or longer TG records from the Osprey and Flinders
Reef off-shelf sites and the Myrmidon Reef outer-shelf site
were deemed suitable for extracting semi-diurnal through
monthly tidal constituents (e.g., Figure 3a, Osprey Reef not
shown). In addition, the FR and MR data are suitable for
analysing long-term trends for periods up to about 6 years,
but with some caveats due to possible instrumental calibra-
tion changes and long-term drift. With datum adjustment
using TOPEX, Osprey Reef can also be used for this
purpose. Since most of the SF stations have by now yielded
data sets of similar duration, they have also been harmon-
ically analysed (Figure 3b).
[72] For comparison with the SSH data, which is ad-
justed using the inverse barometer correction provided in
the Geophysical Data Record, the conventional tide gauge
data were similarly adjusted for atmospheric pressure
variations. This was done conventionally by multiplying
the coincident atmospheric pressure departure from the
standard atmosphere of 1013.25 HPa by a factor
0.0099908 m(Hpa)1 and adding this product to the sea
level. This adjustment is not made to the TEACS pressure
gauges, as these directly measure total (sea level plus
atmospherically induced) pressure, which is the required
dynamical quantity.
A.2. Current Meters
[73] Data were also obtained from two long-term
TEACS current meter moorings located on the upper
continental slope seaward of Jewell (14 S) and Myrmidon
Reefs (19 S) in water depths of 352 and 200 m, respec-
tively (Table 1, Figure 1). These moorings, which are
fitted with Aanderaa RCM7 current meters at depths of
32 m and 70 m (JW1–2), and at 25, 50, 75 and 150 m
(MY1–4), have been maintained since October 1986 and
August 1987, respectively (see B&S for long-term moor-
ing deployment and data analysis details). The long-term
current meter data were processed using analogous meth-
ods and the same filters as those used for the sea level
data.
Appendix B: Data Analysis
B.1. Tide Gauge Data Harmonic Analysis
[74] Tidal analyses were performed using least squares
harmonic analysis software written by the third author
(LBM) and based on the techniques of Foreman [1977].
The software employs the same principles, but makes the
necessary nodal adjustments automatically at appropriate
time intervals. The variables Ajk, the ‘‘Element of Interac-
tion,’’ which Foreman assumes is 1.0 for records as long as
1 year, are calculated explicitly. This is important as we are
analysing long records where Ajk will, at times, be close to
zero.
[75] To test the software, long-term sea level data from
the TOPEX ‘‘reference station’’ at Funafuti obtained from
the UHSLC were re-analysed and the results compared with
published analyses. Our analysis agreed to within 1mm in
amplitude with the reference analysis which was restricted
to a single year (1985), thus demonstrating reliability of our
analytical methods. However, the multi (9) year-analysis
uncovered an anomaly in the M2 constituent at Funafuti.
Multiple single year analyses produced an unstable result
with the M2 amplitude varying by about 10%. This result
calls into question the representativeness of the reference
M2 analysis for this Station, ST103 (#92 [see Le Provost,
1994]).
[76] After software validation, long-term harmonic anal-
yses were performed on the data from the various TG and
SF sites. For the TG stations, over 9.8 years of data were
analysed from each of Townsville, Noumea and Funafuti
and over 5.5 years at Myrmidon and Flinders Reefs.
Records from the SF sites which typically begin in 1992
were analysed over the 4 year period spanning the TOPEX
MGA data set (appendix B.2). Analyses from the Towns-
ville tide gauge and the nearby Cape Ferguson SF were
similar (Figures 3a and 3b), which gives us confidence that
the two different station types are comparable.
[77] At the suggestion of an anonymous reviewer, we
investigated seasonal variation in the tidal constants which
could be ascribed to contributions from the internal tide
(particularly M2) to observed sea level variations. We
analysed tide gauge data from FR, OR, MR and CR then
computed tidal band residuals. While FR and OR are at off-
shelf reefs, MR is on the upper slope and CR on the outer
shelf. Although we found no evidence of significant sea-
sonality in the residuals, there was some evidence of a
spring-neap cycle. This suggests there is some tidal energy,
presumably baroclinic that is neither resolved by the
analysis nor phase-locked to the barotropic tide, nor sea-
sonal in character. The RMS tidal residuals were 2.3 cm at
FL and CR and 2.6 cm at OR and MR. This represents a
rather small ‘‘noise’’ contribution of 3.4% at MR when the
RMS residual of 2.6 cm is compared with an RMS M2
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value of 76.4 cm (corresponding to amplitude 54 cm,
Figure 3a).
B.2. TOPEX Altimetry
[78] The TOPEX/Poseidon altimeter data up to cycle 132
were obtained from the Geophysical Data Records (GDRs)
available on the PO.DAAC Merged GDR Version A CD
ROMs. Data were processed using a suite of FORTRAN
programs originally developed for GEOSAT that were adap-
ted for our purpose. Processing followed these two steps:
[79] 1. The original pass files were read and edited using a
range of criteria designed to eliminate altimetric and envi-
ronmental correction data which were incomplete, erroneous
or spanned arcs of insufficient length [Benada, 1993]. All
standard environmental corrections were made, but tidal
corrections were deferred, and orbit error adjustments and
geoid corrections were omitted. On the basis of orbit
adjustment experiments [R. Coleman, personal communica-
tion, 1994; Naeije, 1995] it is not only unnecessary to
remove orbit errors for routine oceanographic applications,
but difficult to do so, without compromising oceanographic
information. The pass data were interpolated to a 0.05 deg
latitude grid to simplify processing, and sequenced as a time
series of sea surface height deviations for each grid point
along each ground track. The interpolation was done using a
6 km long Gaussian filter.
[80] 2. The resulting much smaller ‘‘pass’’ files were
corrected using one of the optional global or regional tidal
models. At each grid point of a given track, statistics
including mean and RMS altimetric heights were saved
for future use along with the primary data set, i.e., an array
of SSH deviations relative to the temporal mean over all
cycles processed for each grid point, indexed by latitude
grid point and cycle number. After some experimentation
the altimeter drift correction was omitted, since its effect
over the 3.6 year period is small compared with tide gauge
error and we are not attempting to resolve long-term trends.
We also trialed, but finally excluded, the short interleaved
Poseidon altimeter data segments, thus avoiding the effects
of range offsets between the two instruments.
[81] To reduce noise levels for statistical analysis, the
along-track smoothed (6 km cutoff) altimetry data were
further filtered in the along-track direction using a 32 km
(SGBR model domain) or 72 km (CSR 3.0 domain) box car
low-pass filter. The characteristically shorter box car filter
was selected over other filters, in spite of its relatively poor
side lobe behaviour, to minimize filter loss near coasts and
islands. Filter lengths were chosen, after experimentation, to
reduce noise levels while resolving topographically induced
spatial variations.
[82] The altimetry data were also low-passed using a 6
cycle (60 day) long Hamming filter (Tc = 30 day) for
comparison with the monthly smoothed in situ data, so
that both filters were 60 day long (Tc = 30 day). No
smoothing in time was necessary for the tidally corrected
SSH data used for comparison with the daily smoothed in
situ data.
Appendix C: TOPEX Tidal Models
[83] The standard tidal models available on the POMGA
version of the TOPEX PO.DAAC merged GDRs (Cycles 1
to 132) are the modified enhanced Schwiderski [1980]
model [Le Provost et al., 1991] and the Cartwright and
Ray [1990] model derived from GEOSAT altimetry. Both
these models are independent of the TOPEX data, although
the latter is derived from an alternative altimetric source.
The newer POMGB version includes the hybrid models
CSR 3.0 [Eanes and Bettadpur, 1995] and FES95.2
[Le Provost et al., 1998] models. These utilize both hydro-
dynamic model results and altimetry data to construct a
global tidal solution.
[84] We used the POMGA version GDRs, but obtained
the newer (CSR3.0 and FES95.2) tidal model data and
prediction software available from ftp sites. The range of
constituents provided varies. Most models have options for
computing the elastic ocean tide (ocean plus load tide, see
Benada [1993] for definitions), which is needed when
correcting TOPEX altimetry for comparisons with sea level
records from Earth-fixed stations. The hybrid models (CSR
3.0, FES 95.2) provide appropriate load tide corrections
which we included in the total tide prediction along with
equilibrium tidal solutions for the minor constituents.
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